Exploring new geothermal targets requires the understanding of the factors affecting fluid circulation and heat transfer (Rowland and Sibson 2004; Fairley 2009 ). Understanding the distribution of permeability in the crust remains an essential component for the general comprehension of a geothermal model in the crustal domain, and therefore for the success of a geothermal prospect (Moeck 2014). Nowadays in France, most geothermal exploration licences are located in sedimentary basin areas or within graben structures. The Paris and Aquitaine basins, characterized by simple sedimentary structures, allow geothermal exploitation from low (30 °C) to medium (110 °C) temperature systems.
Geothermal exploitation is also rife in the northeast of France in the Upper Rhine Graben. The enhanced geothermal systems at Soultz-sous-Forêts and Rittershoffen (Alsace, France) reach temperatures up to about 160 °C (e.g., Pribnow and Schellschmidt 2000; Baujard et al. 2017) . However, no exploitation is currently being developed in the basement domain that host crustal-scale faults that are likely to modify fluid circulation. Numerous studies highlight that crustal-scale fault zones located in an extensional regime represent efficient conduits for meteoric fluids to flow down to mid-crustal depths (Barton et al. 1995; Faulds et al. 2010; Mckenna and Blackwell 2004; Siebenaller et al. 2013; Haines et al. 2016; Roche et al. 2018a, b) . At these depths (8-15 km), corresponding to, or close to, the brittle-ductile transition, temperatures may exceed 400 °C . Fault zones appear as areas of high permeability in which fluids can circulate and focus temperature anomalies at the surface (Faulds et al. 2010; Taillefer et al. 2018a, b) . However, the generation of a geothermal resource in a fault zone likely depends on its geometry with respect to the presentday stress field, on its permeability structure and on the local thermal regime. The present study aims at understanding the potential of a new and novel type of geothermal system for electricity production: the crustal fault zone (CFZ).
Crustal fault zones can be defined as crustal-scale heterogeneities, which localize the deformation and thus modify the mechanical properties of the crust, down to the brittle-ductile transition (BDT), whose depth depends on the local thermo-mechanical regime. In some cases, CFZ may cross BDT and extend below it (e.g., Famin et al. 2004; Jolivet et al. 2004 ). CFZ should not be considered as single major fault but rather as a large deformation zone (several hundreds to thousands of meter wide). These crustal fault zones can be found worldwide and their geothermal potential can be highlighted by the occurrence of geothermal events, e.g., North Anatolian Fault Zone, Turkey (Süer et al. 2008) , Liquine-Ofqui fault zone, Chile (Lahsen et al. 2010) , Badenweiler-Lenzkirch Sutur, Germany (Brockamp et al. 2015) . However, their geothermal potential has never been studied and even less quantified.
Among the first studies on fluid circulation within a fault, Murphy (1979) proposed a theoretical approach using the Rayleigh number. He highlighted vertical thermal instabilities linked to convection cells. Convective heat transfer establishes positive and negative thermal anomalies within a fault (Lowell 1975; Murphy 1979; Rabinowicz et al. 1998; Faulds et al. 2010) . While many parameters seem to condition a convective regime, the permeability ratio between the fault and its host rock emerges as a key parameter (Forster and Smith 1989; López and Smith 1995) . While fault zones often host hydrothermal systems (Faulds et al. 2010) , the permeability of these networks depends on a multitude of parameters. The relationships between (i) fault geometry and stress field (Barton et al. 1995) ; (ii) fractures and their connectivity, and (iii) alteration, dissolution and precipitation, are all processes that can cause faults to behave as conduits for (Caine et al. 1996; Mazurek 2000; Gudmundsson 2000; Grasby and Hutcheon 2001; Brogi and Fulignati, 2012; Belgrano et al. 2016) or barriers to (Bense et al. 2008; Bertrand 2016 ) fluid flow. Consequently, it is worth using a multidisciplinary approach to strongly constrain fluid flow models in hydrothermal systems (Oda 1986; Caine et al. 1996; Bense and Person, 2006; Micarelli et al. 2006; Faulkner et al. 2010; Bense et al. 2013) . As an example, the recent study by Edel et al. (2018) predicts, using a combination of magnetic, gravity, seismic and geological data, a temperature of 150 °C at a depth of 2500 m in the northern Vosges area (France). With an improved numerical modeling approach, Guillou-Frottier et al. (2013) reproduced and predicted temperatures at geothermal sites of Soultz-sous-Forêts and Rittershoffen.
Since 2014, TLS-Geothermics, a French company involved in geothermal exploration has been keen to demonstrate the viability of CFZ as a geothermal exploration play for economic power generation. The demonstration of the potential of CFZ is underway at a site in the French Massif Central (FMC) using an exploration licence named "La Sioule". Several geological observations and geophysical data, which are detailed below, represent good indicators for high-temperature geothermal exploitation (temperatures > 150 °C for shallower than 3500 m).
The Pontgibaud fault zone, located in the La Sioule licence (Fig. 1) corresponds to a well-suited case study since numerous data are available (structural geology, lithology, topography, springs geochemistry, thermal properties, magnetotellurics, gravimetry, ambient noise tomography, and seismicity) (Bellanger 2017) . Thanks to this complete dataset, and with new additional petrophysical data, 2D numerical modeling can help to better understand the links between fluid flow and permeability. The possible presence of convection cells is here examined to understand the establishment of positive or negative thermal anomalies in the fault system. Permeability will be considered as a spatially variable parameter to analyze its effect on the hydrothermal regime of the fault system.
Geological setting

Geological formations
The La Sioule licence area (black contour in Fig. 1 ) is located to the east of the Limagne graben in the Massif Central, in a Paleozoic basement domain and partially covered by the northern part of the Cenozoic volcanic formations (in blue in Fig. 1 ). It is bounded to the west by the Sillon Houiller fault zone, to the south by the volcanic massif of the Monts Dore, and to the north and east by the Carboniferous basin of Manzat and the granitic massif of Saint-Gervais, respectively. Variscan metamorphic formations (ortho and para-migmatites, orthogneiss, paragneiss and mica schists) are mainly present in the area (in green in Fig. 1 ). Carboniferous plutonic rocks are characterized by monzogranite and granodiorite (red in Fig. 1 ) and Viseo-Serpukhovian volcano-sedimentary formations (brown in Fig. 1 ). Upper Pennsylvanian and Permian detritic sedimentary formation mark the late Variscan basins emplaced on the major crustal fault zone (mapped by the BRGM).
Structures and favorable features for fluid circulation in the "La Sioule" licence
The Sillon Houiller fault zone
This fault zone, generally oriented N 20°, is located to the west of the area (Fig. 2) and is continuous at a scale of 400 km with a sinistral motion (Faure et al. 1993 , Joly et al. 2008 . Evidence in various volcanic deposits highlights the high permeability of this structure since the Permian. At both sides of the Sillon Houiller, P-wave velocity anomalies indicate that this structure affect the entire lithosphere (Granet et al. 1995a) . Such a large-scale structure, if permeable enough, would promote the ascent of hot hydrothermal fluids from the base of crust to the surface. According to Sobolev et al. (1997) , temperature varies between the different sides of the fault at 30 km depth, from 700 to 925 °C. In addition, surface heat flow equals 113 mW m −2 near the Sillon Houiller ( Fig. 2) (Lucazeau et al. 1984; Lucazeau and Vasseur 1989) . This abnormally high value is thought to be related to a relatively high mantle heat flow (Lucazeau et al. 1984) , which could be related to a supposed mantle plume (Granet et al. 1995b) or past subductionrelated hot upwelling (Király et al. 2017; Roche et al. 2018ab ).
The Aigueperse-Saint-Sauves fault zone
This NE-SW fault system is more than 300 km long (Faure et al. 1993 ) and crosses the southeast corner of the licence (Fig. 2 ). It comprises a fault network, several hundred meters thick, and shifts the Sillon Houiller fault zone over a 31-km-long dextral-slip motion. The Puy de la Nugère and Puy Chopine monogenic volcanoes of the quaternary Chaîne des Puys (CdP) volcanic field (located 10 km to the east of La Sioule licence area) are emplaced on the Aigueperse-Saint-Sauves fault zone. The presence of Ceyssat, Châtelguyon, Gimaux, Saint Myon or Montpensier springs characterizes this structure as a potentially open and efficient pathway for hydrothermal fluids.
The Pontgibaud fault zone
The N-S fault zone of Pontgibaud is parallel to the CdP. The CdP is a fissural volcanic field that hosts about eighty basaltic to trachytic volcanoes that erupted between 100 and 7 ka. This system (Fig. 2) , more than 40 km long, is pinched between the Sillon Houiller and the Aigueperse-St-Sauve fault zones. In the studied area, it bounds the Viseo-Serpukhovian Gelles granite (Fernandez 1969; Négroni 1981) . Some N-S faults of the Pontgibaud fault zone are filled by microgranite. Moreover, this N-S network is affected by As-Au, Pb-Ag and Ba-F mineralization, reflecting the ability of the system to transmit hydrothermal fluids during the Variscan. Some dating on mineralized bodies obtained Fig. 2 Thermal, hydrothermal and geological features in the studied area. Location of Pranal and Ceyssat springs (brown dots), drilling of Peyrouses 1 (black dot), heat flow and geothermal gradient (red crosses, Lucazeau and Vasseur 1989; Vasseur et al. 1991; International Heat Flow Commission) . Gelles granite (Négroni 1981) . Heat production (Lucazeau 1981) and resistivity profile (black dashed line, Ars, 2018) on phengite and illite suggest Permian to Jurassic ages (Bril et al. 1991) , which reflects late hydrothermal fluid circulation related to the opening of the Alpine Tethys and the Atlantic Ocean. This mineralization is attributed to a medium temperature phase (200-400 °C) sub-contemporary to the end of the crystallization of the Gelles granite. If evidence for hydrothermal fluid circulation exists during the Carboniferous, but also from the Permian to Jurassic, current fluid circulation along this fault zone seems also very likely. Indeed, springs can be found along the present-day fault at several locations (see details below).
Geothermal setting of the Pontgibaud area
Springs and magma chambers
Present-day fluid flow occurs within the Pontgibaud fault zone (Fig. 2 ). In addition, at the time of mining activities, the galleries were regularly flooded (Lebocey 2013) . Due to cessation of mining activities in the 20th century, the mining wells were abandoned. Some wells, such as the one at Sainte-Barbe in Barbecot (4 km north of Pontgibaud), are marked by ion-rich and extremely CO 2 -charged flows. In addition, the Pranal spring ( Fig. 2 ) comes from a deep reservoir with estimated temperatures between 150 and 175 °C (estimated using Na/K geothermometer; Verney 2005) .
At a deeper level, thermo-barometric experiments on the CdP trachytes estimated the storage pressure and temperature conditions of magmas (Martel et al. 2013) . For temperatures ranging from 700 to 825 °C, the results of Martel et al. (2013) indicate pressures between 3 and 3.5 kbar (i.e., between 11 and 13 km deep, respectively). The thermal relaxation time calculated for these reservoirs indicate that cooling started about 15,000 years ago (Martel et al. 2013 ). This means that they are still hot (500-600 °C), if not partially melted.
Surface heat flow and heat production
Part of the Pontgibaud fault zone was intersected by core drilling undertaken by the BRGM (French Geological Survey) in the 1970s. The purpose of these drillings was to characterize the mining potential of these structures. As part of this study, one of these boreholes (Peyrouses 1, location in Fig. 2 ) remains accessible and has been used in this study. In the past, temperature measurements have been carried out between 55 and 120 m. From these measurements, a geothermal gradient of 41 °C/km has been inferred and a heat flux of 110 mW m −2 was estimated (IHFC database; http://www.datap ages. com/gis-map-publi shing -progr am/gis-open-files /globa l-frame work/globa l-heat-flowdatab ase).
This relatively high heat flow value can be explained by an elevated mantle heat flow and/or a large crustal heat production. The analysis of 660 rock samples taken from granitic units in the FMC (Lucazeau 1981) revealed an average heat production of 4.06 μW m −3 . Considering an average granite thickness of 7 km (Vigneresse et al. 1999) , the heat production of this granitic upper crust can only explain 26% of the heat flow measured in the Pontgibaud fault zone. The analysis of 112 samples taken from metamorphic units revealed an average heat production of 2.27 μW m −3 . If this average value is representative for the remaining 22 km of crust (considering the crustal thickness in this area is 29 km, Zeyen et al. 1997) , the mantle heat flow would be close to 32 mW m −2 , twice as large as for a thermally stable Archean crust.
Permeability
In a crustal context, permeability and connected porosity values are generally considered very low to medium, with porosity ranging from 0 to 15% and permeability from 10 −18 to 10 −13 m 2 (Brace 1984; Evans et al. 1997; Sonney and Vuataz 2009; Ingebritsen and Appold 2012; Ranjram et al. 2015; Walter 2016; Achtziger-Zupancic et al. 2016 , 2017 . However, the orders of magnitude for permeability values and derived parameters vary greatly from one site to another and need to be addressed specifically to better characterize a specific site or case study (Manning and Ingebritsen 1999) . Therefore, new permeability measurements on representative samples of the various lithologies from the Pontgibaud fault zone have been performed. An additional way to constrain the fault zone system is to use geophysical data, as detailed below.
Magnetotelluric data
Magnetotelluric (MT) campaigns were carried out in the Pontgibaud fault zone area by TLS-Geothermics and IMAGIR between 2015 and 2017 (Ars et al. 2019) . From their 3D model of electrical resistivity produced in 2016 by IMAGIR, the profile corresponding to our geological cross-section was extracted (Fig. 3 ). The interest of this passive electromagnetic method is its sensitivity to geometries and its ability to image conductive objects in three dimensions. Results show that the obtained conductive bodies in the upper crust could be related to the Pontgibaud fault zone.
Mining work on the Pontgibaud fault zone has highlighted structures with a dip of 70° E (Bouladon et al. 1961) , but more recent data favors dips of ~ 60°, as detailed later. This steep dip is consistent with the structures that are visible on the MT image ( Fig. 3) . The obtained resistivity model makes it possible to identify highly conductive bodies, one of which is located between a depth of 10 and 20 km ( Fig. 3 ). Petrological observations on trachytes suggest that the conductivity anomaly located at a depth between 10 and 20 km can reflect the presence of silicate melt (Martel et al. 2013) . At a depth of 8 and 3 km, two other anomalies located in the brittle crust could be linked to the presence of magmas, clays (smectites) and/or hydrothermal fluids. Whatever their nature, these two anomalies appear to be related to the Pontgibaud fault zone. This fault zone, which could be interpreted as a listric fault zone, seems to join the Aigueperse-Saint-Sauves fault system at a depth of 10 to 15 km (Ars et al. 2019) . Isotopic analyses of CO 2 from the Ceyssat and Pranal resurgences at δ 13 C (Fig. 2) indicate a mantle origin (Verney 2005) , which is in agreement with isotopical results from the whole French Massif Central (Brauer et al. 2017) . Indeed, the presence of CO 2 at the surface can be explained by the connectivity of the Pontgibaud and Aigueperse-Saint-Sauves structures to magmatic activity. It also highlights that these two fault zones serve as pathways for hydrothermal fluid flow.
Methods
Field observations
This approach aims to characterize the intensity of the brittle deformation as well as the general geometry of the Pontgibaud fault zone. Structural data (fault orientations and dips) collected since 2014 by TLS-Geothermics have been compiled to assess the intensity of deformation. These observations are key to improve the geometry and scaling of the simplified numerical model. The microstructural analysis of the samples collected within this hydrothermal zone ("Peyrouses 1" borehole). Figure 2 provides an understanding of how fluids flow within this deformed zone.
Laboratory observations and measurements
In order to qualitatively and quantitatively characterize the permeability and porosity parameters of the hydrothermal zone, 2D thin-section observations, 3D X-ray microtomography observations and laboratory measurements of permeability and connected porosity were performed. The thin-section observations were performed on the same samples that were analyzed by X-ray micro-tomography.
X-ray micro-tomography is a non-destructive imaging technique that provides a three-dimensional visualization of the analyzed samples. X-rays emitted by a tungsten filament pass through the sample. Its power depends on the thickness and nature of the radiographed element. A detector, located behind the sample, measures the attenuation of the X-ray beam. A series of images is then generated in different greyscales. A three-dimensional reconstruction of the object is performed using this series of images. However, the density contrast that may exist between dense mineral phases (pyrite) and low-density mineral phases (feldspar) can bias the information. Beam-Hardening-Correction (BHC) limits this loss of information. This imaging technique makes it possible to obtain voxel resolutions between 25 and 4 μm. Once rebuilt, the three-dimensional volume analysis and processing can be performed using the Volume Graphics VG Studio Max software (https ://www.volum egrap hics.com/en/produ cts/vgstu dio-max.html).
The connected porosities and permeabilities of selected samples were measured at the Ecole et Observatoire des Sciences de la Terre (EOST) in Strasbourg (France). Measurements were performed on the seven samples for which the porosity was visualized using X-ray micro-tomography (including fractured samples, intact samples, altered samples, and altered and fractured samples). First, the oven-dried (in a vacuum at 40 °C for at least 48 h) 20 mm diameter and 40 mm long core samples were placed in an AccuPyc II helium pycnometer to calculate their skeletal (connected volume). The connected porosity (the interconnected porosity within the sample) was then calculated using the bulk volume of the samples, measured using digital calipers. Second, the gas permeability was measured using a benchtop nitrogen permeameter (Farquharson et al. 2016; Heap and Kennedy 2016; Heap 2019) . All measurements were made at room temperature and under a confining pressure of 1 MPa. Permeability was measured using either the "steady-state" or the "pulse-decay" method, depending on the permeability of the sample [methods are outlined in detail in Heap et al. (2017) and Kushnir et al. (2018) ].
For the steady-state measurements, volumetric flow rates were measured (using a gas flow meter) for different values of differential pressure (upstream minus the downstream pressure; measured using a pressure transducer). For the pulse-decay measurements, the pressure decay of a known volume of gas (in the upstream circuit) was monitored as a function of time.
Estimate of Rayleigh number
The Rayleigh number expresses the ratio between the driving forces (e.g., gravity) that promote fluid circulation and the resistant forces (e.g., viscous resistance) that prevent circulation. It is expressed in the form:
where K (m 2 ) is the medium permeability, L (m) is the thickness of the system, α (°C −1 ) is the thermal expansion coefficient, ∆T (°C) is the temperature difference between the upper and lower limits, g is the acceleration due to gravity (m s −2 ) and ν is the kinematic fluid viscosity (m 2 s −1 ). D is the thermodispersion tensor (m 2 s −1 ) (e.g., Magri et al. 2016) as defined by:
where Φ corresponds to the porosity, Cpf (J kg −1 K −1 ) to the fluid thermal capacity, λf and λs, respectively, to the fluid and solid thermal conductivity (W m −1 K −1 ).
The critical Rayleigh number is the value above which heat is evacuated through convective circulation. For 3D vertical faults with a permeable top, and in the case of a constant fluid viscosity (not temperature-dependent), Malkovsky and Pek (2004) provided an analytical relationship to calculate the critical Rayleigh number ( Rcf ). This relationship depends only on the fault aspect ratio Δ: 
where d is the thickness of the fault zone (m) and H its depth (m). Other numerical and analytical simulations have shown that, for a temperature-dependent fluid viscosity, the critical permeability above which convection begins is lower than the case where the fluid viscosity is considered constant (Malkovsky and Magri 2016) . According to the calculations of Malkovsky and Magri (2016) , the critical fault permeability Kfc from which convection is likely to be initiated in the faults is calculated using Rcf/4.
Numerical approach
In order to quantify the effect of fault zone dip and the impact of variable permeability on fluid circulation in the fault zone, a series of numerical simulations using Comsol Multiphysics ™ software was performed. Heat equations and Darcy's law were coupled in a similar way to the Guillou-Frottier et al. (2013) . The numerical approach was organized in two successive stages. The first stage was dedicated to the study of a theoretical fault zone and focused on the influence of fault dip and permeability on fluid flow in order to understand the processes governing deep fluid circulation. The second stage was dedicated to the Pontgibaud hydrothermal system, in order to verify the legitimacy of the digital crustal-scale model. Finally, the obtained results, and in particular the geothermal gradient and surface heat flow, were compared with field data, including the resistivity data from Ars et al. (2019) (Fig. 3 ) which were not considered to build our numerical model.
Boundary and initial conditions
The average temperature at the surface was fixed at 10 °C. According to regional data (see "Geothermal setting of the Pontgibaud area" section), a constant heat flux of 35 mW m −2 was imposed at the base of the model. The lateral borders of the model were thermally insulated.
The initial conditions of the model were defined from the stationary state obtained for the pure thermal conduction regime. At t = 0, the permeabilities were assigned to the different compartments, and the fluid flow was initiated. Considering the thermal relaxation time of the magmatic chambers (see above, Martel et al. 2013 ) calculations were performed up to a time of t 0 + 15,000 years.
For Darcy's law, a no flow condition was imposed at the bottom and on both sides of the model, a surface pressure equivalent to atmospheric pressure (P = 10 5 Pa) was imposed at the surface and a positive pressure evolution with depth was adopted as the initial condition.
Meshing and geometry
Two geometrical configurations were tested. The first configuration was that of the theoretical fault zone (Fig. 4a ), and the second was the crustal-scale model applied to the Pontgibaud case study (Fig. 4b) , which is constrained by observations and field measurements. For the smallest (i.e., for the models of the theoretical fault zone) fault zone models, the mesh consisted of 61,211 triangles with a size not larger than 5 m in the high-permeability zones and not smaller than 150 m in the low-permeability zones. The mesh was also refined at the intersections of the fault planes. For the largest model (i.e., the crustal models), the mesh consisted of 52,798 triangles with a size not larger than 25 m in the high-permeability zones and not smaller than 300 m in the low-permeability zones.
Variable physical properties
The dynamic viscosity of the fluid is function of temperature T (°C), such that: according to Smith and Chapman (1983) and Rabinowicz et al. (1998) . The density of water is also a function of temperature: the fault are reached at depths where permeability is lower than 10 −16 m 2 , preventing buoyancy forces to be effective. The permeabilities K b of the basement (m 2 ) and K f of the faults (m 2 ) are the main adjustment variables. For the basement, the decrease in permeability with depth can be physically characterized by the following equation (Garibaldi et al. 2010) :
where K b (z) is the permeability of the depth-dependent basement, K b 0 is the permeability at the surface, and z is the depth below sea level. The length δ (m) characterizes the intensity of the decrease in permeability with depth, taken here at 2500 m. As the Gelles granite and the pre-Tertiary bedrock are intensely fractured, Eq. (6) was applied to these lithologies, in accordance with the models of Garibaldi et al. (2010) and Guillou-Frottier et al. (2013) . According to laboratory measurements (see below), a permeability value of 10 −16 m 2 was assigned to K b 0 . In addition, to account for the uncertainty associated with upscaling the experimental values (Neuman 1994; Heap and Kennedy 2016) , a large range of values has been tested in the numerical models.
Within the fault zone, we considered that the permeability variation with depth varied according to Eq. (7). However, field observations indicate that the area has a very high fracture density. In addition, the lateral variation in permeability will be very heterogeneous. Therefore, we consider that the use of Eq. (6) is not sufficient. By keeping the decrease in permeability with depth, a lateral variation can be included, by using the following spatial variation:
where K f (x, z) is the space-dependent permeability of the fault and K f 0 × 201 being the maximum permeability value at the surface. The last term on the right side of Eq. (7) makes the permeability alternate along a sinusoid applied to the vertical and horizontal axes of the numerical model. The term λ corresponds to the wavelength of the sinusoid. To reproduce rather fine alternations of high and low permeability, as suggested by field observations (Fig. 6) , a low value of λ was chosen. Finally, the choice of constants 100 and 101 makes it possible to vary the permeability over two orders of magnitude.
Numerical modeling allows us to test the effect of the unknown parameters. In order to see the effects of geometry and permeability, the physical properties on either side of the fault zone were identical and fixed (Fig. 5 ). During the various simulations, the dip of the fault zone was tested at angles ranging from 10° to 90°. The assigned permeability to the host and fault zone varied according to Eqs. (6) and (7). The K f 0 value varied from 1 × 10 −18 to 2 × 10 −16 m 2 , thus giving a maximum permeability value ( K f max ) of 4 × 10 −14 m 2 , hence greater than the critical permeability estimated for the Pontgibaud fault zone. For the basement, the K b 0 value was 10 −16 m 2 and decreased down to 1 × 10 −20 m 2 at depth.
Results
Structure characterization
With 126 new measurements of fault dips and orientations, three families of faults have been identified. The first family comprises 67° ESE dipping normal N 10° trending vein beam faults (Fig. 6a ). With a surface thickness of 3 km, this normal fault zone has lowered the topography by 300 m eastwards. In addition, over the study area, the Sioule River surprisingly flows north-south over more than 10 km, and partly borders the vein network, before becoming meandering again. This north-south direction is also consistent with the main direction of the Limagne fault, which is located a little further east. Due to field data and geophysical arguments (see "Magnetotelluric data" section), the general geometry of the Pontgibaud fault zone could be regarded as a listric type. The second and third fault families, both steep, intersect the Pontgibaud fault zone. The second family is formed of mainly dextral N 30° trending faults (Fig. 6b ), while the third family consists of sinistral faults that trend N 115° (Fig. 6c ).
To summarize all field observations and data from the literature, a compiled geological cross-section is shown in Fig. 7 . Its location corresponds to the geophysical profile ( Fig. 3) and it crosses the villages of Prondines, Ceyssat, and ends at the Limagne basin. This cross-section illustrates all the geological and geophysical features detailed in the previous sections. Thus, the proposed listric geometry of Pontgibaud fault zone is associated with two other vertical fault families. The presence of springs within these structures is an indicator of present-day fluid circulation.
Fig. 5
Permeability imposed in the numerical models of the parametric study. The alpha angle corresponds to the dip of the fault zone (here α = 90°). The permeability of the basement and fault will decrease with depth according to Eq. 6 (Garibaldi et al. 2010) . Within the fault zone, permeability will also vary laterally (Eq. 7) to match field observations
Laboratory observations and analyses
Qualitative approach: thin-section observations
Thin-section observations show fracture-rich and highly altered facies (Fig. 8) . These fractures are mainly filled with quartz, feldspar, phyllosilicates, ferriferous, pyrite and oxide minerals. If at the heart of these fractures the circulation of fluids appears difficult, the walls seem to be favorable for the circulation of fluids (Fig. 8c ). Fluid circulation within the fractures promoted the crystallization of secondary mineral phases. Turmaline ( Fig. 8d) , is observed in large quantities in all thin-sections. Fluid circulation also caused significant mineral dissolution (Fig. 8b) . This dissolution can be accompanied by a loss of volume, thus promoting the formation of pores within the matrix (Launay 2018) . These initial observations show that fractures related to tectonic history served as pathways for (paleo)fluids and produced haloes of alteration. These haloes were subject to significant mineral dissolution resulting in the formation of micro-porosity. Fractures and micro-porosity represent the available space for modern-day fluid circulation. However, the ability of fluids to flow through the hydrothermal system will depend on the connectivity of these fractures and micro-porosity. Three-dimensional imaging is required to qualitatively estimate the connectivity of these microstructural elements.
Qualitative approach: X-ray micro-tomography
The results of the reconstruction and image processing are given in Fig. 9 . Figure 9a shows the full sample with a voxel resolution of 25 μm. It is characterized by a matrix (grey in Fig. 9a ) and by fractures (yellow and red in Fig. 9a ). Two phases are present within these fractures. The red phase characterizes the mineralization of the fracture. Thin-section observations on this sample showed that this fracture is filled with lead sulphides. The yellow phase represents the planar porosity (i.e., fractures). The processing of this image (Fig. 9a ) made it possible to isolate these fractures ( Fig. 9b) and qualitatively characterize the connectivity of the planar porosity. The three-dimensional visualization (Fig. 9b) shows a high density of fractures. These fractures are distributed heterogeneously in space. This three-dimensional arrangement promotes connectivity of the pores located at the fracture walls (yellow in Fig. 9b ). Because a visualization of the matrix porosity (Fig. 9b) was not possible at this resolution, due to the characteristic pore size, a smaller volume of this sample was analyzed with a resolution of 4 μm in an attempt to detect and segment the potentially connected pores. The result of the analysis and processing of the sample is given in Fig. 9c . Coupling thin-section (2D) and microtomography (3D) observations highlight altered planar (i.e., fractures) and matrix (i.e., pores) porosities partially filled with secondary minerals. Because this small-scale porous network could play a crucial role in determining the fluid circulation within the Pontgibaud hydrothermal zone, we performed direct measurements of connected porosity and permeability in the laboratory.
Quantitative approach: porosity and permeability measurements
The measured permeability values varied between 2 × 10 −18 and 7 × 10 −13 m 2 while the connected porosity values varied between 6 and 22% (Fig. 10) .
In general, permeability increases as connected porosity increases (Fig. 10) . The highest porosity and permeability were measured for the fractured and altered sample, and the lowest porosity and permeability were measured for the intact and unaltered sample (Fig. 10) .
To summarize, the three above-described results suggest that permeability is increased by the presence of system-lengthscale fractures and alteration (Fig. 10) . The relatively high permeability of the measured samples (the permeability of granite can be as low as 10 −22 m 2 ; Meredith et al. 2012) , suggest that fluid flow within the matrix could also be significant, alongside large-scale fractures and fracture networks. Hence, after having determined the first unknown parameter in "Structure characterization" section (fault geometry), we identify here the second one (permeability variation). To better understand how fault geometry and permeability variation influence hydrothermal fluid flow and thus control the establishment of thermal anomalies, a numerical approach is required.
Numerical approach
Rayleigh number analysis
Using the Pontgibaud fault zone parameters (H = 15,000 m and h = 3000 m) and Eq. (3), the critical Rayleigh number Rcf /4 equals 21.3. The measured permeability varies from 10 −18 to 10 −13 m 2 (Fig. 10) , implying a variation of the Rayleigh number (Eq. 1) from 0.018 to 1800. We can thus deduce the critical fault permeability above which thermal convection can occur:
where α = 2 × 10 −4 K −1 , T = 450 • C , D = 0.76 × 10 −6 m 2 s −1 , and ν = 10 −6 m 2 s −1 . Thus, considering the selected parameters, it seems reasonable to consider a convective thermal regime within the Pontgibaud fault zone, at least in the case when the permeability is greater than 1.2 × 10 −15 m 2 . This threshold value must, however, be considered with caution since the fluid properties considered here correspond to those for room temperature conditions.
Numerical simulations of a theoretical fault zone
More than 200 simulations were performed, with the numerical set-up of Fig. 5 . The results are summarized in Fig. 11 . Fig. 10 Connected porosity and permeability measurements on sample taken from the Peyrouse 1 borehole (identical to those used for qualitative observations). The non-fractured and unaltered samples have the lowest permeability and connected porosity value. Conversely, the altered and fractured sample has the highest value of permeability and connected porosity. These purely qualitative degrees of alteration and fracturation are based on macroscopic, microscopic observations and three-dimensional visualization by X-ray micro-tomography analysis
The images in Fig. 11 represent temperature anomalies (∆T), corresponding to abnormally hot and abnormally cold temperatures compared to an undisturbed (conductive) thermal regime. The amplitude of the temperature anomalies is different for each case, but numerical values are indicated for some of them. In order to account for both the permeability of the fault and of the basement, the R ratio is defined by:
This ratio compares the maximum permeability of the fault and of the basement (the permeability K b 0 being set at 10 −16 m 2 ). Other K b 0 values have been tested, but higher values are not realistic and lower values do not change the results detailed below.
As it can be seen in Fig. 11 , for R = 200, as the dip of the fault zone increases from 10° to 90°, the temperature values increase from 12 to 85.4 °C (red numbers in Fig. 11) . Thus, for a fixed R ratio, the highest thermal anomaly value will be for a vertical fault zone. The depth of the thermal anomaly also varies as a function of fault dip. By increasing the fault dip from 10° to 90°, the depth of the thermal anomaly (brown numbers in Fig. 11 ) decreases from 3.6 to 0.7 km. Thus, for a fixed R value, vertical structures will result in the largest thermal anomalies at the shallowest depths.
By observing the variations in the temperature anomalies, we can see that when R increases for a fixed angle of 60°, the values of the thermal anomalies are 68.6 °C, 82.5 and 77.4 °C. Indeed, an increase in the R ratio does not show a significant increase in the temperature anomaly. However, the depth of these same anomalies decreases from 2.7 to 0.5 km. So for a fixed dip, when R ratio is high, the thermal anomaly will be at a maximum at a shallower depth. Therefore, a fault zone with a large dip and a high R ratio will result in the largest thermal anomalies at the shallowest depths. While this representation characterizes the distribution and intensity of positive thermal anomalies, it does not characterize the processes at their origin. Based on the results of these same numerical simulations, Fig. 12 graphically summarizes the morphology of the numerically obtained isotherms as a function of fault dip angle, value of positive thermal anomaly and the R ratio. Three main zones can be described: (i) For R values between 1.9 and 250 (blue area in Fig. 12 ) the morphology of isotherms is slightly deformed. This low deformation occurs at dip values below 50°. The value of the resultant thermal anomaly will be lower than 65 °C. These results are consistent with Fig. 11 since the lower the dip of the structure and the lower the R ratio, the lower the thermal anomaly produced. The black arrows show that the circulation of fluids is controlled by a single long-wavelength convection cell. This domain will be called the "unicellular weak-type convection zone". (ii) For R values between 40 and 400 with a dip value between 10 and 90° (orange area in Fig. 12 ), the isotherms show moderate deformation. The range of values of the thermal anomalies produced is between 10 and 120 °C. In the same way, the arrows show that fluid circulation is controlled by moderate-wavelength convection cells. This domain will be called the "unicellular medium-type convection zone". (iii) Finally, for R values between 120 and 400 and dips greater than 50° (red area in Fig. 12 ) the isotherms are significantly deformed. The value of the thermal anomaly is higher than 67 °C. These results also show consistency with Fig. 11 since the higher the dip and R ratio, the greater the thermal anomaly at shallow depth produced. The black arrows show that the circulation of fluids is controlled by two small-wavelength convection cells. This domain will be called the "bicellular strong-type convection zone".
The results of this parametric study should be applicable to hydrothermal systems in a crustal context. To sum up, for unicellular convection, the values of the thermal anomalies produced are between 10 and 120 °C. For bicellular convection, the values of the thermal anomalies produced are between 70 and 120 °C. In the next section, we apply these results to the case study of the hydrothermal system at Pontgibaud. According to Fig. 12 , the Pontgibaud fault zone should fall somewhere within these two domains.
Fig. 12
Diagram of convective regimes. Grey lines represent isotherm morphology. The dashed black line separate three area. In blue, the area of unicellular weak type convection zone. In orange, the area of unicellular medium-type convection zone. In red, the area of bicellular strong-type convection zone. The dashed grey contour on the right of the diagram illustrates the possible range for the Pontgibaud fault zone Duwiquet et al. Geotherm Energy (2019) 7:33 
Numerical simulations of the Pontgibaud fault zone
The geometry of the numerical model for Pontgibaud (Fig. 13) is directly based on the geological model ( Fig. 5 ) and is therefore constrained by a detailed set of geological data and observations. The physical properties, integrated into the numerical models, are summarized in Appendix A. In accordance with the thermal relaxation time of the magmatic chambers calculated on the basis of a thermo-barometric study (Martel et al. 2013) , the results of our numerical simulations are shown up to time t 0 + 15,000 years. Figure 13 presents the results of the numerical simulations with the temperature field (colors) and isotherms in white. The stable temperature pattern shown in Fig. 13a is obtained for K f max value up to 1.4 × 10 −15 m 2 . For these K f max values, the isotherms are not deformed, but are disturbed around the cooling magma chambers. At time Fig. 13 Maps of temperatures (a), permeabilities (b), isotherms (c), and thermal anomalies (d) of the Pontgibaud region (at time t 0 + 15,000 years). In accordance with Fig. 11 , color of boxes contours correspond to one convective regime: blues boxes correspond to areas of unicellular weak-type convection zone, oranges boxes correspond to unicellular medium-type convection zone, and reds boxes correspond to bicellular strong-type convection zone t 0 + 15,000 years, the cooling of the magma chambers does not disturb any isotherm in the Pontgibaud fault zone. Figure 13b represents the permeability field centered on the red box of Fig. 13a . The deformed isotherms shown in Fig. 13c, d are located at the intersection between the Pontgibaud listric geometry and the vertical faults (see black box, Fig. 13a ). For K f max values between 1.6 × 10 −15 and 1.6 × 10 −14 m 2 , the deformation of the isotherms can be observed (Fig. 13c ). In the terms previously used, the morphology of the isotherms changes from areas of weak convection of unicellular type (blue box, K f max = 1.6 × 10 −15 m 2 ) to areas of strong convection of bicellular type (red box, K f max = 1.6 × 10 −14 m 2 ). This representation therefore shows that, when permeability is increased within the Pontgibaud fault zone, isotherms show an increasing disturbance. Figure 13d shows the amplitudes and locations of the obtained thermal anomalies. These anomalies are represented as a function of R ratio, the value of the maximum temperature anomaly (∆T max ) and its depth. As it can be seen in Fig. 13d , positive and negative thermal anomalies are present in the Pontgibaud system. Positive thermal anomalies are located at the top of the fault zone, while negative thermal anomalies are located at the base of the fault zone. The depth of the positive thermal anomaly decreases for an increasing R ratio (see dashed line in Fig. 13d ). This latter observation is consistent with the parametric study (Figs. 11, 12) . For R ratios between 42 and 160, the value of the thermal anomaly does not show significant variation. Overall, these anomalies are between 57 and 66 °C. On the other hand, when R = 16, the value of the thermal anomaly is only 24 °C.
This lower value can be explained by a low deformation of the isotherms. At R = 42 and above, the isotherms show an increasing deformation up to R = 160. Considering isotherms with a relatively large deformation, the value of the positive thermal anomaly no longer varies significantly. Thus, the results of numerical simulations carried out within the Pontgibaud hydrothermal system show that the deformation of the isotherms is significant from a K f max value of 1.6 × 10 −15 m 2 (in accordance with the previous Rayleigh number analysis) and a R ratio of 16.
Combining field data, laboratory measurements and hydrothermal models
Finding the right R and K f combination for Pontgibaud fault zone
The comparison of the results obtained by modeling with the data measured in the field makes it possible to assess the consistency of the obtained results. Within the Pontgibaud fault zone, the surface heat flux is 110 mW m −2 and the geothermal gradient is 41 °C/km (Vasseur et al. 1991, International Heat Flow Commission) . This comparison will make it possible to estimate the permeability value for which the field measurements and simulation results are consistent. Among the numerous tested models, it turns out that only some combinations precisely reproduced the above-described thermal features. The result for the simulation with a K f max = 1.6 × 10 −14 m 2 , show a surface heat flux of 115 mW m −2 and a geothermal gradient of 39 °C km −1 . Thus, for K f max = 1.6 × 10 −14 m 2 , the results of the numerical models reproduce the heat flux and geothermal gradient values measured near the surface. The numerical models show that at a time t 0 + 10,000 years the heat flux and the geothermal gradient are 105 mW m −2 and 33 °C/km, respectively. At t 0 + 20,000 years we obtained 127 mW m −2 and 41 °C/km, respectively. Duwiquet et al. Geotherm Energy (2019) 7:33 Combining geophysical data and numerical results Figure 14a , b and c compare the temperature anomaly map of the Pontgibaud region with the measured resistivity profile extracted at the exact coordinates of the geological cross-section. The map (Fig. 14a) shows positive thermal anomalies within the Pontgibaud fault zone, at the magma chambers and at the base of the sedimentary infill of the Limagne basin (right part of the model). A negative thermal anomaly is also present at the base of the Pontgibaud fault zone. The MT image shows various anomalies of low resistivity at 3, 8 and 15 km depth (Fig. 14b) . By superimposing the two images ( Fig. 14a, b) , we can see that the temperature anomalies located at 3, 8 and 15 km depth are superimposed on the low-resistivity anomalies located at 3, 8 and 15 km depth.
At 15 km depth, the thermobarometric study by Martel et al. (2013) shows the presence of a magma chamber. At 3 and 8 km depth, Fig. 14c shows that anomalies of low resistivity are located in areas where fluids could circulate. Thus, the numerical simulation imposing a permeability K f max = 1.6 × 10 −14 m 2 at the Pontgibaud fault zone shows a striking consistency with the resistivity profile, even if the link between resistivity and b Resistivity model previously described (Fig. 3) . c Comparison of the numerical simulation result affecting a K fmax permeability of 1.6 × 10 −14 m −2 at the Pontgibaud fault zone, with the resistivity profile. d Fluid flow velocity within the Pontgibaud fault zone temperature may not be so obvious. Nevertheless, isotherms deformation is correlated with high fluid flow velocity (Fig. 14d ).
Discussion
Multi-disciplinary approach
This study aims to understand how crustal-scale fault zones can generate a viable geothermal resource. The overall understanding of an outcropping fault system integrates many parameters that can be studied using a multi-disciplinary approach. Thus, structural observations and measurements, 2D and 3D thin-section and X-ray microtomography observations, as well as connected porosity and permeability laboratory measurements, have highlighted two essential variables: the fault dip angle and permeability of a fault zone. Numerical modeling has made it possible to test the effect of these two variables on the intensity and depth of positive temperature anomalies, but also to characterize the deformation of the resultant isotherms. The comparison of the results of the numerical simulations at crustal scale with the field data shows a permeability of the Pontgibaud fault zone K f max = 1.6 × 10 −14 m 2 . For this value, the ratio R = 160 (Figs. 11, 12) . The value of the thermal anomaly varies between 68 and 70 °C and has depths between 2.7 and 1.7 km (Figs. 11, 12) . Our results show a thermal anomaly of 66 °C within the Pontgibaud fault zone at a depth of 1.8 km (Fig. 15 ). It is worth mentioning that the permeability value of 1.6 × 10 −14 m 2 is in accordance with previous studies where temperature measurements and surface heat flow values were numerically reproduced with similar permeability values (e.g., Person et al. 2012; Guillou-Frottier et al. 2013; Roche et al. 2018a, b) .
Origin of porosity
Thin-sections observations (Fig. 8) revealed open fractures and fractures completely sealed by mineral precipitation. A fault can thus behave as a pathway for, or as a barrier to, fluid circulation (Bense et al. 2013) . Quartz, feldspar and alteration products such as sericites are well known to form around hydrothermal sites and near faults (Bruhn et al. 1994; Sausse 1998; Caine et al. 2010) . Filling fractures with cement or alteration products can reduce their permeability (e.g., Griffiths et al. 2016; Mordensky et al. 2018) . When fractures transmit fluids, their immediate surroundings can be subject to significant mineral dissolution (potassic feldspar, biotite, plagioclases), forming matrix porosity around these fractures. If the minerals likely to be altered are initially connected in space, then their alterations will produce connected pores that can promote the circulation of fluids (e.g., Farquharson et al. 2018) . Direct connected porosity measurements on our samples with no apparent fractures (at the lengthscale of the 40 mm-long sample) showed values between 6 and 22%. Indeed, the permeability of the altered samples was higher than that of the unaltered samples (Fig. 10) . The porosity values measured here are consistent with the study by Sardini et al. (1997) who quantified the connectivity of the minerals likely to be altered. Mercury porosity between 6 and 20% was measured on samples of altered, non-fractured granite. Considering the capacity of fluids to circulate through fractures but also within the matrix itself, it is thus possible to consider Pontgibaud hydrothermal system as a reservoir with double matrix-fracture permeability. This kind of reservoir has already been observed in the altered granite of the Soultz-Sous-Forêts geothermal reservoir (Genter 1989; Ledésert 1993) .
Controlling fluid flow factors within the Pontgibaud hydrothermal system
Although we did not consider the present-day stress field, the value of thermal anomalies and their depths are the result of convective heat transfer processes. López and Smith (1995) showed that this thermal regime is directly related to the permeability contrast between the fault and its host rocks. In addition to the results of López and Smith (1995) , in which the R ratio was studied, we have explored here the effect of the dip angle of the fault zone on fluid circulation. Putative structures sufficiently permeable to allow fluid circulation are commonly described for hydrothermal systems (Forster and Evans 1991; Bruhn et al. 1994; Belgrano et al. 2016 ) and are used in many numerical models (Forster and Smith 1989; Mckenna and Blackwell 2004; Garibaldi et al. 2010; Guillou-Frottier et al. 2013; Magri et al. 2016; Taillefer et al. 2018a, b) . The results of the parametric study presented herein, and their comparison with the Pontgibaud natural system, show that when the fault zone is vertical, the value of thermal anomaly will be high and at shallow depth. This depth is also controlled by the ratio between the fault and its host permeability: when the R ratio is high, thermal anomaly will be at a shallower depth.
Permeability measurements were carried out on samples from the Pontgibaud fault zone (Peyrouses 1 drilling). The results show values between 2 × 10 −18 and 7 × 10 −13 m 2 . The permeabilities of the rocks measured in this study are relatively high compared to laboratory measurements on intact granite samples (e.g., Brace et al. 1968; Kranz et al. 1979; Meredith et al. 2012) . The maximum permeability value for the basement assigned to the ratio R has been set at 10 −16 m 2 . This value is compatible with the permeability values extracted from the laws of permeability decrease proposed by Appold (2010, 2012) .
Conclusions
The aim of this study was to better understand the organization and controlling factors of a hydrothermal system associated with crustal faults, with an application to the Pontgibaud hydrothermal system. Based on results from field observations, microscopic observations and laboratory analyses, the Pontgibaud fault zone has the characteristics of a dual matrix-fracture permeability reservoir. The results also highlighted parameters that are essential for understanding a hydrothermal system: the dip angle of the fault and its permeability. Numerical 2D simulations, combining fluid flow and the heat equation, have tested the effect of these parameters on the value and distribution of positive thermal anomalies within the fault zone. Based on more than 200 numerical simulations, the results of this parametric study showed that (i) a vertical structure provides the largest thermal anomaly at the shallowest depth; (ii) the depth of positive thermal anomaly is shallow for high R ratio values. Although the model is quite simple, it well captures the convective behavior.
These generic results were then compared to a natural case study, the hydrothermal system at Pontgibaud. Numerical simulations performed at a crustal scale, and integrating observations and field measurements, showed similar results to those of the aforementioned parametric study. However, a 3D study should bring new insights into the Pontgibaud hydrothermal system and its associated thermal anomalies.
The results of fluid circulation simulations within the Pontgibaud fault zone showed that a maximum fault permeability value of 1.6 × 10 −14 m 2 allows reproduction of the surface data. Considering the economic potential, a temperature of 150 °C at a depth of 2500 m represents an interesting target for high-temperature geothermal exploitation. Finally, a new geothermal play, crustal fault zones was identified and intensively explored and analyzed. A methodology has been developed to constrain this specific hydrothermal system, and to target economically interesting areas. Furthermore drilling planned by operators should make it possible to verify and validate all or parts of this approach. Properties of these parameters have been recovered in the following works: Mareschal and Jaupart (2011), Lucazeau et al. (1984) , Hasterok et al. (2017) , Taillefer (2017) , Guillou-Frottier et al. (2013) , Launay (2018) , McKenna and Blackwell (2004) , Smith and Chapman (1998) , Rabinowicz et al. (1998) .
